Background Traditionally arthrotomy has rarely been performed during surgery for slipped capital femoral epiphysis (SCFE). As a result, most pathophysiological information about the articular surfaces was derived clinically and radiographically. Novel insights regarding deformity-induced damage and epiphyseal perfusion became available with surgical hip dislocation. Questions/purposes We (1) determined the influence of chronicity of prodromal symptoms and severity of SCFE deformity on severity of cartilage damage. (2) In surgically confirmed disconnected epiphyses, we determined the influence of injury and time to surgery on epiphyseal perfusion; and (3) the frequency of new bone at the posterior neck potentially reducing perfusion during epimetaphyseal reduction. Methods We reviewed 116 patients with 119 SCFE and available records treated between 1996 and 2011. Acetabular cartilage damage was graded as +/++/+++ in 109 of the 119 hips. Epiphyseal perfusion was determined with laser-Doppler flowmetry at capsulotomy and after reduction. Information about bone at the posterior neck was retrieved from operative reports.
Introduction
The primary focus of contemporary treatment concepts of slipped capital femoral epiphysis (SCFE) is to prevent further slippage and/or iatrogenic epiphyseal necrosis [2, 21] . Clinically stable slips, according to the classification of Loder et al. [22] , are considered to have a rather benign long-term clinical outcome as illustrated based on the cohort of Carney et al. [4] in which the Iowa hip rating dropped from 93 when patients were in their mid-20s to 87 in their mid-40s. Today, the concept of SCFE as a benign process is questioned as a result of observations made at intraarticular surgery suggesting that even mild slips after pinning in situ cause femoroacetabular impingement with early acetabular cartilage damage [6, 10, 17, 32] .
Unstable slips according to Loder et al. [22] have a high risk for epiphyseal necrosis, which is believed to be most likely secondary to the vascular injury/disruption caused at the initial displacement [2, 15, 22, 27, 29] . The timing of surgery and reduction of the epiphysis as well as need for capsular decompression are controversial [21, 25, 30] although some authors recommend emergent treatment and gentle reduction [20, 25, 37] . On the other hand, the rate of necrosis may be as high as 58% when total or substantial reduction is obtained [34] . This could be the result of new bone formation at the epimetaphyseal level of the posterior neck, a pathomorphology that is rarely addressed in the literature [7, 21, 28] but may be responsible for overstretching of the retinacular vessels during reduction of the epiphysis [7] .
Traditionally, capsulotomy and intraarticular inspection of a diseased hip were rarely performed and most information and interpretation about pathophysiological aspects of SCFE were derived indirectly from clinical findings, radiographic assessment, and clinical outcome studies. More recently new observations have been made with the routine use of arthrotomy and surgical dislocation approaches [8, 9] . Two smaller series of 13 and 36 patients using these approaches have described cartilage and labrum damage of the acetabulum in SCFE [17, 32] . More extensive observations may provide additional insights into the pathophysiology of cartilage damage in SCFE, especially in slips with intraoperatively verified disconnection of the epiphysis.
We therefore (1) determined the influence of prodromal symptoms and severity of SCFE deformity on cartilage damage. (2) In surgically confirmed disconnected epiphyses, we determined the influence of injury and time to surgery on reduced epiphyseal perfusion; and (3) the frequency of new bone at the posterior neck and its role in jeopardizing epiphyseal perfusion during reduction.
Patients and Methods
We retrospectively reviewed the medical history of 125 patients with 128 SCFE treated at three institutions (Pediatric Surgery, Children's Hospital, University of Berne, Berne, Switzerland; Boston Children's Hospital, Harvard Medical School, Boston, MA, USA; and the Hip and Pediatric Service, Schulthess Clinic, Zurich, Switzerland) between 1996 and 2011. In the two European hospitals, the indication for surgical hip dislocation and subcapital reduction was all slips with a slip angle higher than 30° [ 8, 9] , whereas in the Boston hospital the indication for that procedure was mainly for clinically unstable slips with slip angle greater than 30°. Data from a subcohort of the cohort presented here were used in prior publications. Forty of the patients were reported in earlier publications dealing with treatment results [19, 30, 33, 36] , 82 patients were used to compare clinical and intraoperative stability [35] , and 13 patients were used to report early acetabular cartilage damage in SCFE [17] .
For this study, clinical and intraoperative data were available from 116 of the 125 patients (119 hips) with a mean age of 12 years at surgery (range, 7-16 years). Sixtyfour patients were boys (55%) and 52 were girls (45%). Duration of preoperative symptoms was 16 weeks (range, 0-156 weeks). The slip angle measured in a frog lateral or crosstable lateral view averaged 53°(range, 15°-90°). Thirty-five hips had a disconnected epiphysis as determined at the time of intraoperative inspection. This diagnosis was made at capsulotomy when motion between the epiphysis and metaphysis could be visualized. Minimum followup was 12 months (mean, 31 months; range, 12-108 months). No patients were recalled specifically for this study; all data were obtained from medical records and radiographs. We obtained institutional review board approval at all institutions for this retrospective study.
The technique of surgical dislocation of the hip has been described in detail previously [8] . Briefly, the patient is in a lateral decubitus position. After trochanteric flip osteotomy and Z-shaped capsulotomy, in doubt of physeal stability, the epiphysis is fixed with two Kirschner wires without attempt to reduce the epiphysis. For complete dislocation, the round ligament is sectioned. With the help of retractors, it is then possible to inspect 360°of the acetabulum and more than the anterior half of the circumference of the head and neck. The stable portion of the greater trochanter is trimmed in a piecemeal fashion down to the level of the neck, strictly staying in the subperiosteal layer. Retinaculum and periosteum of the neck are then freed from bone down to the lesser trochanter and around the accessible area of the posterior neck. Subperiosteal enucleation of the anteromedial and posteromedial neck is easier with the head again dislocated. The result of medial and lateral dissection is 360°access to the neck. The flap is at least twice as long as when using the original Dunn procedure with subperiosteal tunneling only at the neck proximal to the greater trochanter [7] . The longer flap allows more elongation before rupture and it creates a larger space around the neck for manipulations. Together with posterior bone resection, this decreases the tension on the retinacular vessels during epiphyseal reduction. Mobilization of the epiphysis is performed using curved chisels inserted in the growth plate while the head is out of the socket. The separated head together with the periosteal tube is placed medially and the metaphyseal stump is presented with external rotation of the leg. New bone formation at the posterior neck should be completely resected under visual and manual control. Remaining tissue of the growth plate is removed with a curette under manual fixation of the epiphysis. Repositioning of the head is performed manually and should be possible effortlessly; otherwise, shortening of the neck by trimming of the proximal surface should be considered; it was necessary in overall 33 hips. One hundred five hips were treated using the described approach; 14 hips had fixation in situ and open or arthroscopic osteochondroplasty [9, 18] .
Two of us (KZ, RG) reviewed the wording of the descriptions of acetabular cartilage damage in the operative reports to categorize the severity of damage by consensus. The cartilage damage was deemed mild (+) when the reported damage conveyed the impression as superficial or small, severe (+++) when the descriptors suggested severe or substantial damage, and moderate (++) when damage was noted without further qualification.
For the hips with a stable physis at the time of surgical inspection, the duration of prodromal symptoms was categorized into less than 4 weeks, 4 to 8 weeks, and more than 8 weeks. For the hips with the disconnected epiphysis, the time from acute incidence to surgery was subdivided into less than 8 hours, 8 to 24 hours, 2 to 8 days, and more than 8 days.
Perfusion of the epiphysis was monitored in 23 hips using laser-Doppler flowmetry (LDF) at capsulotomy and after epiphyseal reduction [26] . In four additional hips with severe deformity, the epiphysis was accessible for placing the probe only after subluxation or dislocation. When LDF was not available, 2-mm drill holes in the epiphysis (32 hips) or of the cut surface of the round ligament (39 hips) were observed for bright red bleeding [11] . For seven hips no information was available.
New bone formation at the proximal end of the posterior neck is a sign of chronicity of the slip process and best visible on lateral radiographies ( Fig. 1 ). It is of special interest in hips with disconnected epiphysis because it may increase the tension on the retinacular vessels during unintended or deliberate reduction. We intended to define it on the preoperative lateral radiographs as bone posterior to a line along the posterior border of the neck (Fig. 2) ; however, we were unable to reliably determine the presence of posterior callus as a result of a variety of lateral radiographic projections used and more importantly as a result of the poor quality radiographs in most of the hips with disconnected epiphyses. Information about new bone formation at the posterior neck was therefore only retrieved from the surgeon's records from observations about the bone to be resected from the posterosuperior neck flush with the more distal neck surface.
Descriptive data have been reported as absolute frequency (number of cases) using the contingency tables. Using the Fisher's exact test, we determined whether (1) cartilage damage was more likely with greater severity (Table 1) and chronicity (Table 2 ) of a stable SCFE. Additionally, we determined if physeal stability was associated with more cartilage damage (Table 3 ). Using the Fisher's exact test, we determined whether delay from injury to surgery in the disconnected epiphyses ( Table 4 ) was associated with disruption of the epiphyseal perfusion. The analysis was performed using STATA (STATA, College Station, TX, USA).
Results
Ninety-seven hips (89%) had damage from superficial cartilage abrasion to full-thickness destruction in the anterosuperior acetabulum. There was no association (p = 0.440) between slips with more severe deformity and more extensive joint damage (Table 1 ) and no associations (p = 0.669) between longer duration prodromal symptoms and greater cartilage damage ( Table 2 ). Severe damage could be observed in small slip angles and/or periods of symptoms less than 4 weeks. Hips with disconnected epiphysis compared with stable epiphysis had less severe damage and the highest number of nonaffected acetabula (Table 3 ) (p = 0.001). The duration of symptoms in the group with disconnected epiphysis was nearly half compared with epiphyses diagnosed as stable at capsulotomy (10 weeks; range, 0-48 weeks; n = 29 versus 19 weeks; range, 1-144 weeks; n = 57).
Only one disconnected epiphysis had nearly complete avulsion of the retinaculum from the epiphysis; all other 34 disconnected epiphyses were associated with rupture of the anterior periosteum only. For two disconnected epiphyses, the records did not contain information about the head perfusion; however, their postoperative course was uneventful without the development of avascular necrosis. Twenty-three hips showed epiphyseal perfusion before and after reduction; in 12 of these hips, the neck was shortened 2 to 3 mm to allow gentle reduction. Six hips had no perfusion before but clear signs after epiphyseal reduction, which, together with removal of bone formation at the posterior neck, allowed an unfolded configuration of the retinaculum without stretching. Four hips had no perfusion at capsulotomy or after reduction. Three of these four, including the one with ruptured retinaculum, went on to necrosis; however, one had an apparently vital and spherical head 7 years after surgery [31] (Table 4 ). The time interval between injury and surgery varied substantially from hours to 3 months. The seven hips treated within 8 hours all had No information 2 0 2 3 Perfusion before and after reduction 6 0 9 2
No perfusion before but after reduction 0 3 3 0
No perfusion before and after reduction 0 1 * 1 2 à *In one case with no perfusion at initial surgery, revision surgery for broken hardware showed perfusion; in three cases, avascular necrosis was found, one treated between 1 and 8 days who had a ruptured reticnaculum and the other à two treated between 8 and 90 days.
Volume 471, Number 7, July 2013 Surgical Findings in SCFE 2159 intact perfusion at capsulotomy and after reduction. Greater than an 8-hour delay in treatment for the disconnected epiphysis was (p = 0.01) associated with lack of perfusion of the epiphysis (Table 4 ). Active bleeding occurred in all 66 hips with a stable epiphysis at capsulotomy where the femoral head bleeding was assessed.
Additional bone formation at the posterior neck was resected in 30 of 32 (93%) with disconnected epiphysis that had adequate intraoperative documentation of the posterior neck bone formation. In two hips, no posterior bone could be identified and for three hips, no information is given. Meaningful radiographic determination of posterior bone failed, mainly as a result of the small number and inferior quality of preoperative lateral films in this group. Reduction of the epiphysis after resection of the posterior bone reestablished the perfusion in six disconnected epiphyses. The importance of the bone resection is further demonstrated in one case in which demonstrated perfusion disappeared during reduction after allegedly sufficient posterior bone resection and was reestablished after resection of further bone found to be left accidentally in place ( Table 5 ).
Discussion
The prominent metaphysis in SCFE can produce cam impingement and subsequent acetabular cartilage damage, an observation hitherto verified on small case series [6, 10, 17, 32] . A recent article [16] on 176 hips pinned in situ reported 12% reoperations, 33% pain, and a Marx activity score [24] of five of 16 after 16 years (range, 2-43 years). Risk factors for epiphyseal necrosis, with incidence ranging from 4.7% to 58% [3, 13, 23, 34] in clinically unstable slips, are still unclear [30] although the prevailing opinion is vascular injury at the initial displacement [1, 15, 22, 27, 29] . Further risk factors are timing of surgery, intracapsular pressure [25, 30, 37] , applied reduction force, amount of reduction [34] , but also younger patient age [30] . However, traditional studies based on clinical and radiographic data have not been able to identify the exact cause of avascular necrosis [21] . With the use of the surgical dislocation approach [8, 9] and a larger cohort of hips, more direct insight into the cause of avascular necrosis and joint damage was possible. We therefore (1) determined the influence of prodromal symptoms and severity of SCFE deformity on cartilage damage. (2) In surgically confirmed disconnected epiphyses, we determined the influence of injury and time to surgery on reduced epiphyseal perfusion; and (3) the frequency of new bone at the posterior neck jeopardizing epiphyseal perfusion during reduction.
Our study has limitations. First, we graded cartilage damage by systemizing the wording in the operative reports and cannot say whether the damage was properly recorded or whether the wording accurately reflects what was recorded. This limitation relates to the retrospective and multicenter nature of this study; a more rigorous prospective study design might have revealed differences we did not find. Second, the hips come from three institutions with possible differences in surgical technique and in acquisition and valuation of the intraoperative findings. Third, the indications for the surgical approaches varied. One institution executed epiphyseal reduction mainly in clinically unstable hips, whereas the two others indicated the technique for all slips over 30°. This may explain why the incidence of unstable SCFE in this cohort is 29%, clearly higher than the 5% in the literature [20] . Fourth, our cohort includes few hips with a followup of only 1 year. This will not influence our findings and conclusions regarding epiphyseal perfusion; however, it is too early to know whether some patients would develop necrosis.
Acetabular cartilage damage is typical for cam impingement [10] and SCFE with its prominent anterior metaphysis is a prototype. After Rab's theoretical considerations [28] , Leunig et al. [17] observed impingement mechanism and damage intraoperatively. In our cohort, only 4% of the stable epiphyses at capsulotomy had no acetabular rim damage. This is slightly less compared with the groups of Leunig et al. [17] (7%) and Sink et al. [32] (13%). On the other hand, 75% of our stable SCFEs at capsulotomy had substantial to severe damage. Severity of damage tended to increase with longer duration of symptoms and with higher slip angles; however, it was also seen in hips with small slip angles. Based on personal observations, we suspect activity level can also have an influence on the extent of cartilage damage. In contrast, patients with disconnected epiphyses had a seven times higher incidence of undamaged acetabular cartilage and labrum (27.5%) and substantial damage in only 55%. However, the disease Table 5 . Epiphyseal perfusion in SCFE with disconnected epiphysis at capsulotomy (n = 33) Perfusion at capsulotomy and after epiphyseal reduction period was 50% shorter compared with stable slips at capsulotomy, as observed by Sankar et al. [30] . We believe monitoring of the femoral head perfusion is important in joint-preserving hip surgery. In SCFE, a first step was inspection of the integrity of the retinaculum containing the main blood supply to the femoral head [14] . Observation of bleeding from drill holes has been successfully used during open fixation of femoral neck fractures [11] . LDF, a more elaborate technique, was an essential instrument in the implementation of surgical dislocation of the hip [8, 26] . Both techniques and observation of active bleeding from bone were used to control epiphyseal perfusion. We found rupture of the retinaculum in one patient with epiphyseal disconnection; the patient had no perfusion, which resulted in avascular necrosis. This appears to be an unusual case of a disconnected epiphysis in which the necrosis could be related to the injury. We therefore suspect vascular injury at initial displacement is probably not the main cause of avascular necrosis in unstable SCFE as frequently discussed [1, 15, 22, 23, 27, 29] . Although Loder et al. [21] found no influence of the interval between injury and surgery on the rate of necrosis, most surgeons agree with urgent surgery [21, 25] and some favor immediate decompression of a capsular hematoma [25] . In our series of 35 disconnected epiphyses, perfusion remained intact even with intervals longer than 1 week. On the other hand, the two patients with necrosis and intact retinacula were in the group with the longest interval between injury and surgery. The observation in six hips that perfusion could be documented only after epiphyseal reduction may be interpreted as reperfusion after being compromised by kinking or stretching of the retinacular vessels [11, 12] with varying positions of the mobile epiphysis. Longer periods of the epiphysis in the unreduced position may increase the risk of interruption of the femoral head blood flow and perhaps microdamage to the retinacular vessels such that even with realignment of the epiphysis onto the femoral neck, normal flow through the retinacular vessels may not be restored. Just like in any fracture of the femoral neck in which the malpositioned limb may be compromising blood flow, our observations would imply that urgent surgery would be ideal.
Bone formation at the posterior neck in SCFE is rarely mentioned [7, 21, 28] . Recommendations for gentle reduction [5, 23] or only to the chronic position [21] are more substantiated by the association that synovitis [20] reduces the retinacular elasticity and increases the risk of overstretching during reduction. In fact, the rate of epiphyseal necrosis increased with higher angular corrections and reached 58% when anatomic position was achieved [34] . Reduced tissue elasticity may indeed hamper the reduction and in 12 disconnected epiphyses, we addressed this concern with slight shortening of the neck before final reduction. Dunn's publication [7] , describing resection of bone at the posterior neck to release retinacular tension, led us to concentrate on this bone formation. Our data suggest posterior bone formation, exceeding the normal cup-shaped top of the metaphysis, occurs not only in chronic slips with stable epiphysis, but also in disconnected epiphyses and even in those without prodromal periods. This is indirectly documented by posterior bone resection before reduction in 30 of the 35 disconnected epiphyses; we also have anecdotal evidence about how important complete resection can be for epiphyseal perfusion. Preoperative radiographic evaluation of such bone formation was difficult because lateral projections were not routinely made in these painful hips and when performed, the quality of the films was reduced. Nevertheless, we conclude that clinically unstable slips may frequently have an unknown chronic phase producing bone at the posterior neck. Therefore, even gentle and incomplete closed reduction can contribute to disturbance of epiphyseal perfusion.
In summary, our intraoperative observations on SCFE confirm the high incidence and severity of cartilage damage of the acetabulum. It is produced by anterior cam impingement and may be of influence on the longevity of the hip. We therefore recommend correcting the cam deformity when surgery for SCFE is undertaken. Hips with complete disconnection of the epiphysis from the metaphysis have less cartilage damage, probably as a result of shorter time of disease. The trauma of epiphyseal disconnection per se is an infrequent reason for necrosis. The interval between trauma and surgery can indirectly influence the perfusion of the epiphysis; disturbance of perfusion is more frequently seen with longer intervals. Even clinically unstable slips without prodromal periods can have bone apposition at the posterior neck, which can jeopardize epiphyseal perfusion if not resected before epimetaphyseal reduction.
